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Desiccation tolerance in developing soybean seeds:
The role of stress proteins
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The consistent correlation between desiccation tolerance in orthodox seed tissue and an
accumulation ot certain "late embryogenesis abundant"" (LEAI proteins suggests that
these profeins reduce desiccation-induced cellular damage. The aim of the present
work was to test this hypothesis. Exogenous abscisic acid {ABAi was used lo elevate
the level of heat-soluble LE.A-like proteins in axes from immature (30 da\s after
tlowering: mid-development) seeds of soybean iGlxrine ttuLX [L.] MeiTill c\ Chip-
pewa 64). .As ihe LE.A-iike proteins accumulated in response to .ABA, the leakage of all
elements alter desiccation and subsequent rehydration markedly declined. Both LEA-
like protein accumulation and ihe decline in desiccation-induced electrolyte leakage
were apparently dependeni on the presence of ,AB.A. Both effects of AB.A were
inhibited by cyclobeximide. Light microscopy revealed a marked effect ol the .AB.A on
cellular integrity following desiccation. Osmotic stress also caused a decrease in
desiccation-induced electrolyte leakage and stimulated the accumulation oi LE.A-like
proteins. Our data are consistent with the hypothesis that the LE,Vlike proteins
contribute (o the increase in desiccation tolerance in response to ,ABA. and are
consistent with a general protective role for these proteins in desiccation tolerance.
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Close and Chandler 1990, Skriverand Mundy 1990). The
accutnulation of fhese profeins is accompanied by fhe

Our agricultural system relies on the abflify of orfhodox buildup of soluble sugars (Blackman ef al, 1992, Koster
seeds to tolerate desiccation. Such extreme deprivafion of and Leopold 1988, LePrince ef al, 1990). Recent studies
water results in irreversible loss of function in most with several species of seeds .sugge.sf that fhe presence of
tissues. In contrasf, orthodox seeds have mechanisms tti neither LE,A profeins nor soluble sugars alone is sulfi-
prevent damage, The.se mechanisms include the accumu- cient lo confer complefe tolerance to desiccation (Black-
iafion of protective components. Two such components man ef al, 1991, Bradford and Chandler 1992, Farrant el
are soluble sugars and profeins (Blackman et al. 199!, al. 1993). Thus fhe confribufion of one of fhese cotnpo-
1992, Chen and Burrfs 1990, Koster and Leopold 1988). nenfs to desiccation tolerance cannot be readily assessed

In maturing seed tissue, a group of hydrophilic, heat- by tissue survival,
soluble and abscisic acid (ABA)-respon.sive proteins A less stringent method of assessing stress-induced
among the '"late embryogenesis abundant" (LEA) group cellular injury in plants is fo monitor tbe tate ot'elecfro-
of proteins accumulates (Blackman et al, 1991, Galau et lyle leakage following stress (e,g, Bramlage et al. 1978,
al. 1987). This family of proteins has been suggested to Hoeksfra et al. 1989, Murray et al, 1989, Sun and Leo-
play a role in desiccation tolerance (Blackman etal. 1991, pold 1993), Here, we reporf Ihaf exogenous ABA applied
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lo immature soybean axes results in an increase in LEA-
like profein level. This increased level is associated wifh
a decrease in cellular datnage following desiccation and
rehydration. The decreased cellular damage can be seen
by lighl microscopy and quantified by reduced leakage of
electf"olyfes. The ABA-induced protection against desic-
cation-induced damage is prevented by the protein syn-
thesis inhibitor, cycloheximide (CHI), and occurs without
the accutfiulation of soluble sugars. Our dafa are consis-
tent with the hypothesis thai the LEA family of profeins
confributes to desiccafion folerance in developing seed
tissues.

Abbreviations - CHI, cycloheximide: ICAP. inductively coupled
argon plasma atomic emission spectrophotometer: LEA, late
embrvoeenesis abundant.

Materials and methods

Chemicals

All chemicals were purchased from Sigma unless other-
wise indicated. Protein assay and gel reagents were pur-
chased from Biorad Laboratories (Hetcules, CA, USA),

Plant material

Soybean planfs tGlyciiie iiuix |L.| Merrill cv. Chippewa
64) were grown in a greenhouse as previously described
(Obendorf el al. 1983), Developing pods were removed
from plants and surface .sferilized in 109f (v/v) bleach
(O.."!'* hypochiorite) for .5 min and then rinsed five times
in sterile water. Seeds were staged according to the
tnorphological and fresh weight criteria outlined by Saab
and Obendorf (1989). Seeds were utilized at 30 days affer
flowering (DAF) (4.5% maximum dry weight; 2,5 g H:O
g ' dry weighl: axis 809r green; cotyledon l()()9r green)
or 56 DAF (\iX)% maximum dry weighf; 1.23 g H:0 g '̂
dry weight; axis OVc green and cofyledon 159c green;
Blackman et al, 1991),

Culture conditions

Axes were aseptfcally excised from tbe seeds and in-
cubated al 25°C for varying fimes in the dark on I9(
(w/v) agar containing 500 [iM cis, traiis-AB,\ added to
the medium frotn a 100 mM slock in ethanol. An equal
amount of elhanol w as added fo the agar of control plates.
The pH change caused by the added ABA was less than
0.1 pH unif. Mannifol was added in fhe indicated concen-
trations to fhe media prior lo aulodavfng. For CHI freat-
ment, axes were pretreafed for 1 day with 3.5 \iM CHI
added to the agar from a filter-stenlized 3.5 M CHI
aqueous stock solufion. This pretreatment was necessary
to completely inhibit the synthesis oj" the heat-soluble
protetns. After 1 day. axes were fransferred to agar con-
taining 3.5 \.iM CHI with or without 500 \iM ABA for 4
davs.

Extraction and analysis of LEA-like proteins and soluble
sugars

Heat (8()^C)-soluble proteins were extracted from axes as
previously described (Blackman ef al, 1992). The pro-
feins were electrophoresed on 10 to IHVc polyacrylamide
gradient gels containing sodium dodecyl sulphate (SDS)
(Blackman et al. 1992). Gels were loaded wifh heat-
soluble ptoleins extracted from equal amounfs (85 |.fg) of
total soluble prolein. For some experiments, the levels of
individual proteins were quantified hy densitometry of
the Coomassie-stained gels using ovalbumin as standard.
In these cases, protein concentration was calculated by
dividing the levels of individual heaf-soluble ptoleins
(obtained by densilometry) by the total soluble protein
(measured spectrophototnetricalh by the Biorad protein
assay [Bradford 1976]), Sucrose and oligosaccharides
were extracted and analyzed by gas chromatography
(Blackman et al. 1992).

Desiccation-induced electrolyte leakage

Axes (7-10) were rinsed for 10 min in sterile, deionized
wafer, blotted dry, weighed and equilibrated at 33.5%
relative humidify (RH) (mainfained by a saturated
solution of MgCl;) at 4°C for at least 3 days to a moisture
content of 0,072 g H:O g"' dry weight. Controls were
incubated al saturating RH over water for the same time
at the same temperature. Whereas LEA-like proteins are
synthesized at high moisture cotifents al room ten"iper-
ature (Blackman ef al, 1991), their accumulafion is pre-
venfed at 4'C (data nof shown), Affer desiccafion, axes
were immersed in 3 ml of deionized water, and conduc-
livify (itS cm"') of the ifnmersion fluid was monitored at
1-min infervals for 20 min and fhen at 2- (o 4-min in-
tervals for another 20 min with a CDM83 conductivity
meter (Radiometer, Copenhagen, Denmark) al 21"C, To
determine the total conductivity releasable from the tis-
sue, the tissue plus immersion fluid were frozen on dry
ice and thawed at room temperature w ifh gentle agitation.
The freeze-thaw cycle was repeated a fotal of three times.
The tofal conducfi\ ity released by the tissue did not differ
significantly between freshly excised, confrol and ,ABA-
freated axts tissue (35,3 + 2,8, 32.1 ±3,3 and 29,1 ±3,0
iiS cfii ' axis ', respectively). The rate of leakage was
fifted by nonlinear least squares method fo a single expo-
nenf equation of the form:

C,,

(Ffg. 1), wbere C^ is the conductivity (itS cm"') of fhe
solution at time t (min); C(, = the conductivity (uS cm"')
present after three freeze-thaw cycles, and K, (dimen-
sionless) atid K, (mtn"') are con.sfants. The maxitnum
coefficienl of variation observed lor K- (fhe t"ate constant
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Fig. 1. Time course of electrt>)yie leakage from 7-]() sovbean
axes during imbibition of desiccated (0.07 g H;O g"' dry weightl
tissues. Axes from 3()-D.AF seeds were either desiccated imme-
diately (30 DAF) or trealed for 4 days on agar (19r [w/v]) with
or without 500 iiM .ABA (agar and -*-ABA). Freshly hai'vested
axes from seeds at .'i6 DAF were desiccated with no further
treatment (56 DAF). Leakage data vvere fitted to the equation
described in Materials and methods.

indicating fissue or cellular permeabilify for electrolytes
[Murray ef al. 19R9|) was 0,7'/f.

Leachate analysis

One ml of the immersion fluid was evaporated and fhe
resfdue was digested in 1 or 2 drops each of nitric and
perchloric acid by heafing it to 250°C unfil dryness in
quarfz tubes. The cooled samples were redissolved in 1
ml of 5'^k (v/v) HCl and elemental analysis was per-
formed with an inductively coupled argon plasma atomic
emission spectrophofomeler (ICAP) (model ICAP 61,
Thermo Jarrel Ash Corp,),

Water content determination

The water content was defermined by measuring the
difference between fresh and dt"y weights, and expressed
as g H_.O g"' dry weighl. Dry weights were detern"iined
after 24 h at 90 C iti a vacuum oven.

l.ifjht niicroseop,i

Axes, eifher freshly excised or treated wifh or withouf
500 \\.M ABA lor 4 days, were either fixed wifh no fuifher
treafmenl or desiccated to equilibrium with 33.5'/f RH as
pteviously described and then imbibed in distilled wafer
for 40 min before fixafion in 29r (w/v) glufaraldehyde in
.50 nijM Na-cacodylate (pH 7.5) overnighf. Tissue was
then dehydrated in a graded elhanol series and embedded
in methacrylate resin. Two- to 2.5-|(m thick sections were
sfained in V.k (w/v) loluidine blue and viewed with
brighl-field opfics.

Results

.Association between LE.VIike protein accumulation and
desiccation tolerance

Soybean seeds are unable to germit"iafe after rapid desic-
cation to low moisture content until !he\ reach 48 D.\F
(Blackman et al. 1991 ). Desiccation-induced electrolyte
leakage is a quanfifafive tneasure of fhe extent of sfress-
induced damage (Bramlage ef al. 1978), Thus, desicca-
tion-intolerant tissues should leak electrolytes a\ a high
rafe while tolerant tissues should leak electrolytes at a
lower rate. Figure 1 shows the leakage of" electrolytes
from samples of desiccafion-infolerant (30 DAF; 45'/f
maximum dry weight) and tolerant (56 DAF; lOO'/c
fnaximum dry weight) .soybean axes. By convening the
time courses of leakage into rate constants (K,) as in Tab,
1, it is seen thaf intolerant axes leaked electrolytes at a
high rate (K2 = 3,5xlO"- min ' ) while axes of 56-DAF
seeds leaked elecfrolyles at a 20-fold lower rate (K; =
0,16x 10-= mln"^).

We wished to deiennine if the accumulation ol LEA-

Tab, 1. The effect of seed maturation, ABA treatment and desiccation on the rate of electrolyte leakage in isolated soybean axes.
Axes were either dried immediately (nonej or cultured on agar with ( -FABA) or without {-ABA) 50(1 liM ABA for 4 days. The
electrolyte leakage rate constant (K;) was determined as described in Materials and methods and the means ±si) (n=4) of one
representative experiment are shown. ND, Not determined.

Tissue Culture Moisture content
betbre drving

(» H O !J ' D W )

RH during
drying

.Moisture content
after drving

(g H,0 g-' DW)

K; (X 1(1--)
(min-')

30 DAF

56 DAF

None

-ABA

+ ABA

None

2.73

,'5.95

5.09

ND
ND

100
32.5

100
32.5

100
32.5

32.,5
32.5

3.34
(). 13
4.60
().()7
4.40
0.07

ND
ND

(1.08 + 0.01
3.47 + 0.18
0,04 + 0,02
1,88 ±0,17
0.04 ±0.02
O.S6±O.O8

O.i6±(l.O2
0.14 ±0 .0 ;
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like pn>ieins (which are heat-soluble) might have con-
tributed to this increase in folerance. The decrease in
desiccafion-induced electrolyte leakage rale befween 30
and 56 DAF was associated with subslanlial accumu-
lation of nine heal-soluble proteins of molecular weights
(M, X 10"') of 110, 74. 61. 41. 35. 32, 24, 23 and 22 (Fig.
2, lanes 2 and 4; open and closed circles).

The association between heal-soluble profein accumu-
lation and increased desiccation tolerance observed here
led us to suggest (as have of hers; see e,g. Close and
Chatidler 1990, Galau el al, 1987, Skriver and ,\4undy
1990) that LEA proteins contribute fo desiccation foler-
ance. If this IS correcf, then we can predict that; (I) ex-
perimenfally induced accumulation of LEA profeins
should reduce desiccation-induced leakage and; (2) freaf-
ments that Impair fhe ability of fissue fo synthesize pto-
tein should Itnpair fhe abilfty of tissue to .show this less-
ened leakage, ln addition, the decrease in desiccation-
induced leakage must nol be aftribulable lo other factors.

their lower leakage, axes ireaied wilh AB.A could not
germinate after desiccation (data not shown). In conlrasf.
desiccation-Induced leakage from axes from 56-DAF
seeds (which wete already tolerant to desiccation! did nof
decline lurfher wifh .ABA treattnent (Tab. 1).

Axes were desiccated al 4'C because this tef"t"iperafure
prevents fhe accumulation of profeins thaf occurs during

ABA Control

1 2 3 4 5 6 7 8 910Ili21314 15

EtTetts ol AB.4 on deskcation-inductd damage and
t.E.\-like priiteins

ABA enhances the expression of Lea genes fn excised
embryos of soybean (Jakobsen et al. 1994). To determine
whether alterations in desiccalion-induced leakage con-
sistently accompanied ABA-tnduced changes in LE.A-like
protein level, we measured the effect of AB.A treatment
on electrolyte leakage from axes affer desiccation (Tab.
1). The rate constant (K;) for electrolyte leakage follow-
ing desiccation ol immature (30 DAF) axes declined 759
alter 4 days ol" ABA treatment while the rafe constant for
axes incubafed without ABA declined only 46*;̂ . Despife

3 4 5

97.4
66.2
45.0
31.0
21.5
14.4

Fig. 2. Eftecf of seed maturation and .'XB.A treatment on LH.A-
lik'e protein level in soybean axes. Heat-soluble protein profiles
(12-18';; SDS-gradient gel) of 30-DAF (lanes 2 and 3) and
.'i6-D.AF (lanes 4 and 5) axes treated with (lanes 3 and .1) oi
without (lanes 2 and 4) ABA for 4 days. M, (x 10"') of markers
(lanes 1 and 6) are shown on the left. Open circle labels protein
that appears during maturation and is not induced b\ .4B.A;
closed circles label proteins that appear during maturation and
are induced by .AB.A.

O 00
( N

C^ <3 00
\C O SO

Incubation Time (fa)

Time (h)
Fig. 3. Time course for desiccation-induced electrolyie leakage
and LEA-like protein accumulation in response lo AB.A. ,\,
Heal-soluble protein prof"iles (12-18';; SDS-gradienl gel) of
31)-D.AF axes wifh time (h) of treatment with (lanes 1-8) or
without (lanes 9-14) AB.A. Lane 15 contains M, markers as in
Fig. 2. Circles label proteins Ihat appear during maluralion and
are induced b\ .AB,\. B, Axes from 30-D.AF seeds were placed
on agar w ith ( + .ABA1 or without (-.AB.A) ABA tor the indicated
time, and then desiccated prior to leakage determination. Values
represent the mean of 2 samples.
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desiccation at room temperature (data not shown). This
procedure leads fo possible confusion between damage
caused by cold and damage caused by desiccafion. To
distinguish between damage caused by desiccation and
thai caused by cold temperature, untt"eated axes af 30
DAF and axes treated for 4 days on agar with and w ithout
ABA were beld in water-saturated air (such fhat fhey
experienced tninimal water loss) al fhe same tempetature
and for the same time as those that were desiccafed (Tab,
1). Follow ing this protocol, axes freafed in the absence or
presence of AB.A had low and almosf identical leakage
rates (Kj = 0,043 and 0,042x10"- min""'. te.specfively).
This was approximafely 509c of fhe leakage rate from
freshly excised axes subjected to fhe same high RH treaf-
menl (K; = 0,084x 10"- min-'). We can deduce, therefore,
that the ABA freatmenf enhanced the capacity of the axes
to withstand desiccation and/or rehydration rather than
cold femperature.

The amounts of individual elemenfs fhat leaked from
untreated, ABA-treated and control axes after 20 tnin itn-
bibition were measured by ICAP, Potassium contributed
fhe greatest share to the conductivity measured in all the
leachales. ABA induced a decrease in the leakage of al!
cotTiponents (except for sodium) relative to contto! (axes
cultured without ,\B,\] tissue (dafa not shown). Sodium
is normally excluded from the cytoplasm of higher planfs
(Osmond 1976). Hence, ifs leakage may nof teflect cy-
toplasmic permeability to electrolyfes. These dafa suggest
thaf ABA decreased the leakage on desiccafion of all
cytoplasmic electrolyfes.

During culture on ,\BA, axes from 3()-DAF seeds
(initially ^,0% green) lost chlorophyll completely whereas
axes culfured on agar without ABA refained fheir green
colour. There were no perceptfbie growth or t)ther mor-
phological changes during the culture period. In contra.sf,
axes of 56-DAF seeds germinafed rapidly if they were
cultured in fhe absence of ABA, and consequently, desic-
cation-induced leakage was nof measured. There were
also no significanf differences in moisture contenf be-
fween ABA-treated and control tissue after any of the
experimental protocols (Tab, 1),

Eight of the nine heat-soluble polypepttdes thai accu-
mulated between 30 and 56 DAF (with M ŝ [x I()-'I of 74.
61, 41, 35, 32, 24, 23 and 22) accumulated in 30-DAF
axes after incubation with ABA (Fig. 2, lanes 2 and 3;
closed circles; Ffg, 3A, lanes 1 through 8), Axis tissue
from 56 DAF seeds, which already contained high levels
of fhese proteins, did not respond further fo ABA (Fig. 2.
lanes 4 and 5). These resuifs indicate thaf an increase in
heat-soluble proteins induced by exogenous ABA was
associated with a decrease In electrolyte leakage fol-
lowing desiccation.

To explore further the correlation befween prolein level
and decreased electrolyte leakage, fhe fime courses ft>r
both respon.ses to ABA were examined in detail (Fig, 3),
The ABA-responsive proteins began fo accumulate after
47 h of incubation on .ABA and reached apparenf maxi-
mal levels after 116 h of incubation (Fig. 3A: closed

circles). In contrast, the profeins did not accumulate in the
absefice of ABA, An ABA-induced decrease in eleftt"o-
lyte leakage was observable affer 45 h of incubation on
,ABA (Fig, 3B), approximately the same time thaf the
ABA-responsive profeins became visible on polyacryl-
amide gels stained wilh Coof"nassie blue. Axes incubafed
on agar without AB.A also showed a decrease in electro-
lyfe leakage, but the magnitude of fhis dechne was not as
gieaf as if was with ABA,

Substanfiai leakage from desiccated tissue can resulf
from rapid hydrafion rather than damage inctined during
desiccation per se. This ""imbihifional damage"" is pte-
vented if the tissue is hutnidilied prior to imbibifion
(Bramlage ef al. 1978). But the leakage from desfccated
.ABA-treated fissue was consistently less than thaf from
control, whether or not tissue was humidified prior to
imbibition (data not shown). Therefore, the ABA-in-
ducible proteins (or sotne ofher ABA-induced factors) ap-
parently ameliorate desiccafion-induced damage rather
than imbibifional datnage.

In summary, we see a strong inverse correlafion be-
tween desiccafion-induced electrolyfe leakage and ABA-
induced LE.A-like profein content in immature soybean
axes durinc culture on .ABA,

Effect of osmotic stress on electrolyte leakage and LEA-
like protein level

Osmotic stre.ss as well as .AB.A is reported to sfimulafe fhe
accumulation of LEA proteins in plant fi.ssues (Sknver
and Mundy 1990). The effects of osmotic stress imposed
by mannitol on LEA-like profein fonnalion and electro-
lyte leakage were therefore examined. The amounts of
the eight ABA-inducible heal-soluble proteins in axes
incubated at different osmotic potentials were quanfified
by densitomefry of the Coomassie-stained gels. Immatutc
axes freafed with 50 g L' mannitol for 4 days had LE.A-
like protein contenfs (0,4% of tofal soluble proleini and
leakage rates following desiccation (Ki=l ,9 x K)--
min-'l that were similar fo fhose of ctmtrol (Fig, 4|, In
contrast, mannitol af 100 g 1"' stimulated fhe accumu-
lafion of fhese proteins 1 1,5-fold (fo approximately 4,6'/r
of fhe total soluble protein; Fig, 4A) and reduced leakage
following desiccation by approximately 5O'>; (Fig, 4Bl.
The effects of mannitol and ABA on LEA-like protein
confent were addifive. Thai is, LEA-like protein conten!
was higher in axes freafed with ABA plus 100 g 1"
mannitol than in tissue treated with eifher 100 g 1"
mannitol or ABA alone (Fig, 4A). However, this accumu-
lation of LEA-like proteins did not result in a correspond-
ing decrease fn elecfrolyfe leakage following desiccafion
(Fig. 4B). The lack of enhanced protection af heat-soluble
protein levels greater than 2.9% of the total soluble pro-
feins may indicafe a safuration of fhe profective effecf.

In summary, bofh ABA and osmofic stress stin"iulaled
fhe accumulation of eighf heaf-soluble pt"ofeins and in-
duced a concomifant decrease in elecfrolyte leakage upon
rehydrafion after desiccation. These data are consisfent
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Tab. 2. The effect of ABA treatment (500 [iM: 4 daysl on the
amount of the soluble sugars, sucrose and stachyose in immature
axes of seeds of 30 DAF. ND. Not detected.

- Treatment

) 50 ' 0 0 0 + CH

Fig. 4. LE.A-like protein accumulation and clesiccation-induced
electrolyte leakage rate of axes incubated \\Uh mannito! or CHI
and .\HA. ,A, Heat-soluble LEA protein accutttulation expressed
as percen! of fhe total soluble protein extracted from axes after
incLjbation tor 4 davs on media containing 0, 50 or 100 g |-
manniloi in ihe presence or absence of 500 (ijW AB.A. Axes
incubated with CHI were pie-incubated lor I day on media
containing 3.5 |t.W CHI prior to transfer to medium containing
CHI with or uiihont 50(1 [i.W ABA for 4 days. The eighi
heat-soluble profeins marked by closed circles in Fig. 2 and 3.A
were quantified b\ densitometry of Coomassie-stained gels. B,
.Axes were treated with mannitoi or CHI ±ABA as described
above prior lo desiccation and electrolyte leakage measuremem
(expressed as leakage rale ]Kj|). All axes were from 30-D.AF
seeds.

w ith the proteins being causative agents for the reduction
in desiccation-induced leakaee.

Effect of inhibition of prolein synthesis

To ascertain whether the .ABA-induced reduction in elec-
trolyte leakage following desiccation required pi"otein
synthesis, we incubated a.xes with fhe protein synthesis
inhibitor, CHI (at 3,5 \iM lor 5 days), in the ptesence and
absence of ABA, CHI ptevented both the ABA-induced

Sucrose
(ag axis-' 1

.Siachyose
(Ui! axis-' 1

None
Agar (4 days)
ABA (4 days)

42.9±8.9
7.0 + 3.0
5.6 ±4.3

.\D
ND

2.8 ± 5.x

accumulation of LEA-like proteins (Fig. 4A) and the
reduction in electrolyte leakage following desiccation
(Fig. 4B), These data suggest fhat fhe ABA-induced re-
duction in elecftolyte leakage following desiccation re-
quired the synthesis of certain profeins; the LEA-like
proteins are candidates for fhose proteins.

Effect of ,\B,\ on soluble sugars

Desiccation tolerance in many tissues can be partly affri-
buted to soluble sugars (Blackman et al, 1992, Chen and
Burris 1990, Hoekstra et al, 1989, Kosfer and Leopold
1988), But the amount of sucrose in soybean axes de-
creased subsfamiaUy during incubation on ABA, when
desiccation tolerance was increasing (Tab, 2), Stachyose
was not detectable in freshly excised axes, and was barely
detectable only in some samples after incubation on
ABA, These sugar contenfs did not differ significantly
from those of control axes incubafed on 1% (w/vi agar.
Thus, the effect of ABA in reducing elecfrolyte leakage
following desiccation cannot be attributed to an inctease
in soluble sugars,

Ceilular cbanges associated with .4BA treatment and

The above data are consistent v\ith the hypothesis that
,ABA- and osmotic-stiess-induced heat-soluble proteins
reduce desicxation-induced damage in developing axes.
We asked whether this reduction in damage was asso-
ciated wifh cellular changes visible by light microscopy.

Af 30 D.AF, axis cells have several obvious vacuoles of
\arying size and numerous plastids (Fig. 5A). .After in-
cubation on agai" for 4 days, the vacuoiur volume in-
creased and the number of starch-containing plastids de-
creased (Fig, 5B), Axes treated with ABA for 4 days were
similar fo control axes save for a furfher reduction in the
number of sfarch-conlaining plaslids (Fig, .5C). Neither
.ABA-freated nor cotifrol axes acquired fhe anatomical
traifs characteristic of genninaled tissues (most notably,
large central vacuoles) (Crevecoeur et al. 1976).

However, axes cultured in fhe presence and absence of
ABA differed markedly in their re.sponses fo desiccation
and f"ehydrafion. Cells of axes cultured without ABA
were destroyed by desiccation and subsequent rehydra-
tion (Fig. 5D). Most cells appeared to lack protoplasm
altogefher, but where if was distinguishable, membranes
were vesiculated and cyfoplastnic contents were coagu-
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Fig. 5. CeHuiar anatomy and response to desiccafion of immature soybean axes. Ail iight micrographs illustrate k^ngitudinal sections
through the cortical cells of axis tissue from a 3()-DAF seed. A, Freshly excised axis showing nucleus (Ni , vacuole (V) and plastids
(P), Bar represents 20 p m with all micrographs at the same magnification. B, Axis incubated on agar withouf AB.A lor 4 days C,
Axis incubated on agar with 500 \xM AB.A for 4 days . D, Axis treated as In (B), and then desiccated and imbibed tor 4 0 niln prior lo
fixation. E, Axis incubated as in (Cl, and then desiccated and imbibed for 4 0 min prior to fixation.

lated. The nucleus was the only organelle to retain a
degree of integrity with the chromafin appearing con-
densed around fhe periphery. In contrast lo control axes,
axes treated wifh ABA suffered much less visible damage
after desiccation and rehydration (Fig. 5E). The pro-
toplasm and vacuoles remained remarkably intact, Al-
fhough the cytoplasm of ABA-freafed axes largely re-
fained its structure after desiccation, chromatin was con-
densed in the nuclei just as it was in control lissue.

Taken together, our dafa suggest thaf the ABA-respon-
sive LEA-like proteins we examined are associated with
enhanced stability in cyfoplasmic structure in the face of
severe desiccation.

Discussion

Numerous authors have suggested thaf some of the heal-
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soluble ABA-responsive profeins which accumulate dur-
ing seed mafuratfon play a role in desiccation tolerance
(see, e,g. Baker et al. 1988, Blacktnan et al. 1991. Close
and Chandler 1990, Close et al. 1989, Dure et al, 1989.
Galau et al. 1987, Skriver and Mundy 1990), The basis
for this suggestion has been fhe frequently observed cor-
relation befween high levels of gene expression or prolein
accumulation and desiccation toierance. However, this
association has heen found lo break down in some recal-
citrant seeds (Bradford and Chandler 1992) or when these
profeins are prematurely induced in orthodox seed fissues
(Blackman ef al, 1991),

The set of profeins that accumulate lafe in embryo-
genesis includes several well-characterized profeins of
known sequence called LEA profeins (Baker et al, 1988,
Close and Chandler 1990, Jakobsen el al, 1994, Skriver
and Mundy 1990), Alfhough the primary sequences of fhe
soybean proteins examined here have nol been detei-
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mined, they seem likely it) include the LEA group of
proteins because they share a number ol" prtiperties with
known LEA proteins: solubility at high temperatures (Ja-
cobsen and Shaw 1989); accumulation late in embryo-
genesis. and degradation early in germination (Blackman
et al, 1991, Goldberg et al, 1989); and enhanced expres-
sion in immature efnbryos in response fo exogenous ABA
or osmofic slress (jakobsen el al. 1994, Skriver and
Mundy 1990).

The aim of fhe presenl work w as to fest the limits ol the
association between the accumulation of LEA-like pro-
teins and desiccafion foierance. This was first done by
usfng ABA or osmofic stress as tools fo fncrease fhe
amount of fhe LEA-like proteins, and hy using elecfiolyfe
leakage as an assay for cellular damage. In the presence
of ABA or osmotic stress, excised, immature soybean
axes (30 DAF; mid-development) accumulated LEA-like
proteins in amounts .similar lo those in mature seeds.
Reduction in desiccafion-induced electrolyte leakage oc-
curred wifh this accumulation of LEA-like profeins lo
about 39( of fotal soluble protein. The effects of AB.A on
hofh desiccation-induced electrolyte leakage and heal-
soluble protein accuniulation were prevented by CHI.

Soluble sugars were not responsible lor Ihe ABA-
induced desiccation tolerance, even though they make an
important contribution to desiccation tolerance during
seed maturation in \ivo (Blackman el al, 1992, LePrince
Of al, I99O>. Levels of" both sucrose and stachyose rc-
(liained low in axes either in the presence or absence oi
ABA. Stachyose and sucrose levels of 250 and 75 Ltg
axis-', respectively, were required before a degree of
desiccafion tolerance (i,e. survival after drying) was
achieved tn maturing soybean axes (Blackman et al.
1992).

Electrolyfe leakage has been used to indicate plasma
membrane infegrity following stress (Bramlage el ai.
1978, Crowe ef al, 1989), However, we suggest fhat the
plasma membrane may nol be the primary site of action
of fhe ABA-responsi\e LEA-like proteins for the follow-
ing reasons. First, many of the LEA family of proteins
reside in fhe cyloplasni or nucleoplasm (Close ef al, 1993,
Mundy and Chua 1988, Roberfs et al, 1993) and, in some
cases, fhe chloroplasf (Schneider ef al, 1993), Second,
leakage Ironi in"iinafut"e axes cuifured wifh .ABA (which
contained high atnounfs of ihe LEA-like proteins) was
much higher than leakage from matute, desiccation-to-
lerant tissue (Fig, 1, Tab, I), The high rafe of electrolyte
leakage suggests ihaf the desiccafed and tehydrated mem-
brane is no longer intacf despife the presence of the
LEA-like proteins.

The ABA-induced leducfion in cellular dafTiage caused
hy desiccafion was evidenced not only by reduced elec-
trolyte leakage but also by light tnicroscopy. Despite the
apparent kiss of membrane function, the profopfasm of
the ABA-freafed tissue still retained ils integrity (Fig,
5D,E), Soybean axes culfured in fhe absence oi" ABA
showed visible cytological damage in response lo -a des-
iccation/rehydration cycle. Similar damage occurs in

desiccation-intolerant maize embryos where cytoplasmic
organelles are unrecognizable and chromalin remains
aggregated (Crevecoeur el al. 1976), Axes cultured in the
presence oi" AB.A retained protoplasmic integrity but their
chromatin remained aggregated, Organelles in fuUy
desiccation-tolerant maize embryos also remain infacf buf
their chromafin decondenses following rehydratjon (Cre-
vecoeur ef al, 1976), Thus, ihe response of the ABA-
treafed axes fo desiccation and rehydration can be con-
sidered intermediate befween fully desiccafion-folerant
and intolerant tissue both in terms of their cytological
structure and Iheir electrolyte leakage rates.

Taken together, our data are consisfent with the model
that the AB.A-iesponsive LEA-like proteins enhance the
structural stability of the cytoplasm. Our data are not
consistent with fhe suggesfion that ABA elevates the
ability of fissues fo retain water (Reynolds and Bewley
1993) since the water confents of both ABA-lreated and
control tissues were nol signif"icanfly diff"erent when they
were equilibrafed al 33.5?f RH, ABA- and osmofic-
stress-induced facfors did not confer complete desicca-
tion tolerance. Other factor(s) must be necessary, espe-
cially to preserve membrane function (Blackman ef al.
199 i, Bradford and Chandler 1992), These would include
soluble sugars which play a vital role in desiccation
folerance (Blackman et al, 1992, Chen and Burris 1990.
Koster and Leopold 1988, LePnnce et al, 1990, Sun and
Leopold 19931 possibly by enhancing membrane stabiUty
(Crowe et al. 1989, Hoeksfra et ai, 1989),

it is possible thaf some factor(s) besides fhe LE,A-like
proteins is responsible for ihe protective effects of AB.A
and osmotic stress thaf we observed, Howe\'er, se\eral
findings argue againsf this: (1) the time-courses for the
development of desiccation tolerance and accumulation
of the LEA-like profeins are similar; (2) fhe protein syn-
thesis inhibitot". CHL simulfaneously inhibited the accu-
mulalfon of LEA protein and the reduction in cell dam-
age; (3) osmotic stress only inhibited electrolyte leakage
af levels that induced fhe accumulation of fhe AB.A-
responsi\e LEA-like proteins; (4) the AB.A treatmeni did
not induce the accumulation of soluble sugars. Although
our data are consistent with the involvement of LEA-like
proteins, we cannot rule out other agents being in\ohed
in the protection against desiccation-induced electrolyte
leakage. It is also possible that the enhancement of cy-
toplasmic stability that we observed is not fhe pnt"nary
role of fhese proteins, but is ancillary to another.

In conclusion, «e have shown Ihat the developtnent of
some degree of desiccafion tolerance in imtnafure soy-
beans is closely coiTelaled with the accumulafion of a sef
of LEA-like protetns when they were induced by ABA or
osmotic stress. The ,AB,A-!nduced accumulafion of pro-
teins and reduction in desiccation-induced datnage was
not associated with signifieanf changes in soluble sugars,
and both effects could be blocked with CHI. Our data are
consistent with the model that ihe ABA-responsive LEA-
like proteins specifically aid in tbe developtnent of desic-
cation tolerance in sovbean seeds.
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